Two genes specifying model mRNAs of minimal size and coding capacity, with or without the ShineDalgarno (SD) sequence, were assembled, cloned, and transcribed in high yields. These mRNAs, as well as synthetic polynucleotides, phage MS2 RNA, and a deoxyoctanucleotide complementary to the 3' end of 16S rRNA were used to study the mechanism of translation initiation in vitro. Escherichia coli 30S ribosomal subunits interact with all these nucleic acids, albeit with different affinities; the affinity for the mRNA with the SD sequence (Ka ==2 x 10 M-1) is more than an order of magnitude higher than that for the mRNA lacking this sequence. The initiation factors are equally required, regardless of the presence of the SD sequence, for 30S and 70S initiation complex formation and for mRNA translation, but the initiation factors do not affect the SD interaction or the binding of the mRNAs to the ribosomes. The SD interaction is also mechanistically irrelevant for 30S initiation complex formation and is not essential for translation in vitro or for the selection of the mRNA reading frame. It is suggested that the function of the SD interaction is to ensure a high concentration of the initiation triplet near the ribosomal peptidyl-tRNA binding site, whereas the selection of the translational start is achieved kinetically, under the influence of the initiation factors, during decoding of the iinitiator tRNA.
Gene expression ultimately depends on how efficiently and accurately each mRNA translation initiation region is selected by the ribosomes, but we are often unable to rationalize why some genes are either poorly or highly expressed at the translational level (for reviews, see refs. [1] [2] [3] [4] [5] [6] .
Comparison of several hundred translation initiation regions allowed the identification of a rather loose consensus sequence (1) (2) (3) and the conclusion that this region preferentially contains bases (i.e., adenine and uracil) that minimize secondary structure formation and includes an initiation triplet (AUG in >90% of the cases) (3) . The initiation triplet is often preceded by a purine-rich Shine-Dalgarno (SD) sequence of variable length and potential complementarity to the 3' end of 16S rRNA (the anti-SD sequence). The SD sequence is separated from the initiation triplet by a spacer, most frequently 7-9 bases long (7, 8) . Convincing evidence for the participation of the SD sequence in initiation has been obtained (9, 10) , but its precise function is unknown.
To further the studies on the mechanism of translation and, more specifically, on mRNA-ribosome interaction at initiation, we designed, assembled, and expressed in vitro, a gene specifying a model mRNA (designated 002 mRNA) of minimal size and coding capacity containing the canonical translation initiation region of natural mRNAs. Deletion of a restriction fragment from this gene allowed us to compare the activity of two mRNAs identical to each other except for the presence of the SD sequence and to ask if the ribosomal binding of mRNA is different with natural and synthetic mRNAs and is dependent on (or influenced by) the SD interaction and the initiation factors. We also considered whether the SD interaction might influence mechanistically 30S initiation complex formation and/or the selection of the mRNA reading frame and the level of protein synthesis in vitro.
MATERIALS AND METHODS
Buffers. Buffer A was 20 mM Tris HCI, pH 7.5/1 mM EDTA/ 500 mM NaCl; buffer B was 50 mM Tris HCI, pH 7.8/100 mM NH4CI/7.5 mM magnesium acetate/1 mM dithiothreitol/1 mM GTP; and buffer C was 10 mM Tris-HCI, pH 7.5/60 mM NH4Cl/10 mM magnesium acetate/5 mM 2-mercaptoethanol.
Assembly and Cloning of the Model mRNA Genes. Aliquots (100 pmol) ofthe four oligonucleotides (kindly provided by R. Derbyshire, Applied Biosystems, Warrington Cheshire, U.K.) shown in Fig. LA were subjected to phosphorylation, ligation, and shotgun cloning into the EcoRI-Pst I sites of pTZ18, and the product was used to transform Escherichia coli JM103 (11) . The transformants were screened for the presence of a plasmid (pXR001) containing an insert of the desired size and sequence (12) . To construct pXR0O2, pXR001 was digested with HindIII, its ends were filled in (13) , and it was blunt-end ligated to dA20-dT20. After transformation of E. coli JM103, the plasmids were screened by sequencing the adenine and thymine lanes (12) , and a clone containing a tail of 26 adenine bases (pXR002) was selected.
To generate pXR003, which lacks the SD sequence (Fig.  LA) , pXR002 was digested with Hpa I and Acc I; after filling in the ends, the vector was blunt-end ligated (13) . The nucleotide sequences of both pXR002 and pXR003 inserts were confirmed by DNA sequencing (12) .
In Vitro Transcription and mRNA Purification. Aliquots (1.5 mg) of CsCl-purified pXR plasmids were digested with HindIII (100 units) in 1 ml of TA buffer (14) at 37°C for 12 hr. Proteinase K (200 ,ug) was added, and the incubation was continued for 30 min at 37°C. The plasmids were then subjected to phenol/chloroform extraction and ethanol precipitation, and the pellet was dissolved in water. In vitro transcription was performed for 105 min at 37°C in 40 mM Tris HCI buffer (pH 8.0) containing 8 mM MgC12, 50 mM NaCl, 2 mM spermidine, 30 mM dithiothreitol, 600 ,uM ATP, 400 ,uM UTP, 400 ,M CTP, 400 ,uM GTP, linearized plasmid (50 ,g/ml), and T7 RNA polymerase (600 units/ml; New England Biolabs). After ethanol precipitation, the RNA was dissolved in 200 ,ul of buffer A, loaded onto an oligo(dT)-cellulose (Pharmacia) column, and eluted with buffer A without NaCl; 200-,ul fractions were collected. The yield of Abbreviations: SD, Shine-Dalgarno; IF1, IF2, and IF3, initiation factors 1, 2, and 3.
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General Preparations. E. coli MRE600 ribosomes, ribosomal subunits, initiation factors, and f[3H]Met-tRNA were prepared as described (15) . so as to minimize secondary structure formation; indeed, melting profiles of 002 mRNA between 10TC and 750C in buffer containing either 15 mM NaCl or 100 mM KCl and 7 mM MgCl2 showed that this RNA is devoid of any significant secondary structure (data not shown).
RESULTS

Design
The main reading frame of 002 mRNA (M, 40,000) encodes a peptide composed of three phenylalanine, four threonine, and two isoleucine residues. Each ofthe other two reading frames encodes a unique amino acid (serine or tyrosine). Thus, selection of the reading frame can be assessed and quantified by measuring the incorporation of phenylalanine, seine, or tyrosine residues into an acidinsoluble product. The main coding sequence begins with an AUG triplet and ends with a UAA termination triplet. Upstream from the initiation codon, the sequence of the 002 mRNA is virtually identical to the translation initiation consensus sequence (1) and contains a 9-base SD sequence whose central adenine is 8 bases away from the initiation triplet. Downstream from the termination codon, there is a stretch of 26 adenines, which permits a one-step mRNA purification by oligo(dT)-cellulose affinity chromatography (see Materials and Methods). for 8 min, the amount of complex formed was determined as described (15) . Deletion of the Hpa I-Acc I segment from the 002 gene (Fig. 1A ) results in the gene specifying 003 mRNA (Fig. 1C) (Fig. 2A) . The 003 mRNA binds to the 30S subunits with a Ka estimated to be at least an order of magnitude lower (Fig. 2B) . Regardless of the presence of the SD sequence, the interaction between 30S subunits and mRNA is not significantly affected by the initiation factors ( Fig. 2 A and B) . This is in sharp contrast to the role of promoting mRNA binding to the ribosomes traditionally 1/vo D 2C ) and had no effect on the binding of poly(U), poly(A), and also random poly(A,C) and poly(A,U) (results not shown). Likewise, they do not influence the MS2 RNA-30S interaction ( Table 1 ). The slightly reduced amount of MS2 RNA-30S complex formed in the absence of IF2 can be explained by the increase in the off rate of the binary complex caused by IF3 (18) under these conditions. Finally, the binding of 30S subunits to the SD octamer 32P-d(AAGGAGGT), which is complementary to the 3' end of 16S rRNA, was also completely unaffected by the initiation factors (Fig. 2D ). This result is in agreement with the finding that the ribosomal site where the SD interaction takes place is not within the sphere of influence of IF3 (19) . Ribosomal Binding of fMet-tRNA Directed by Model mRNAs. Both 002 and 003 mRNAs direct the binding of fMet-tRNA to 30S (Fig. 3 A and B) or 70S (Fig. 3C) ribosomes, but their relative efficiency differs depending on whether 30S or 70S ribosomes are used. With 002 mRNA, maximum binding activity is reached with =40 pmol of mRNA. Binding in response to 003 mRNA is much lower, and about a 20-fold larger amount of 003 mRNA would be required to reach the same level of binding as that observed with 002 mRNA. In the formation of the 70S initiation complex, however, the difference between 002 and 003 mRNAs is only about 5-fold (see Discussion). Unlike the mRNA-ribosome binary interaction, these activities strongly depend on the presence of the initiation factors (Fig. 3) .
SD Interaction Does Not Influence Mechanistically the Formation of the 30S Initiation Complex. To determine if the SD sequence may affect the mechanism by which the 30S initiation complex is formed, initial rate kinetics were carried out by varying the concentration of one of the two ligands (fMet-tRNA or mRNA) while keeping the concentration of the other ligand fixed. The double-reciprocal plots obtained with 002 ( Fig. 4 A and B) and 003 (Fig. 4 D and E) mRNA yield straight lines that cross the abscissa at the same point. The consistency of these data is verified by the secondary plots shown in Fig. 4 (Fig. 4 C and  F) . The intercepts on the 1/[002 mRNA] (Fig. 4C ) and 1/[003 mRNA] (Fig. 4F) difference (l3-fold) agrees well with that found in the binding experiments (Fig. 2 A and B) . Overall, these results are compatible with the previously proposed model based on the rapid equilibrium random order of addition of two substrates (fMet-tRNA and mRNA) to the 30S ribosomal subunits followed by a rate-limiting first order rearrangement leading to the interaction of the mRNA and fMet-tRNA on the ribosome, presumably through codonanticodon base pairing at the peptidyl-tRNA binding site (20, 21, 23) .
Translational Template Activity of 002 and 003 mRNAs. Both 002 and 003 mRNAs act as a template for the synthesis of oligopeptides indistinguishable from one another in their chromatographic behavior on both thin-layer cellulose plates and HPLC (data not shown). The translation of the two mRNAs also had identical time courses and ionic optima, which, in turn, were the same as those with phage MS2 RNA (data not shown).
The template activity of 002 mRNA was =2-fold higher than that of 003 mRNA at low mRNA input; however, with increasing concentrations of mRNA, the activity of 002 mRNA leveled off while that of 003 mRNA continued to increase and eventually surpassed that of 002 mRNA (Fig.   5A ). Similar results were obtained with incubation mixtures made partially deficient in the formylated form of initiator tRNA by omission of the formyl donor (folinic acid). The difference between 002 and 003 mRNA was, in this case, slightly more pronounced in favor of 002 mRNA at low input but disappeared completely at higher input of mRNA (Fig.   SB) . The requirement for initiation factors was the same, regardless-of the presence of the SD sequence, and negligible synthesis was obtained with either mRNA in the absence of initiation factors (data not shown).
The Same mRNA Reading Frame Is Selected Regardless of the SD Sequence. The choice of the mRNA reading frame was determined by measuring the incorporation ofphenylalanine, serine, and tyrosine, which are encoded by the first, second, and third reading frame, respectively, and of lysine, whose incorporation would occur only if the second or third reading frame were selected (Fig. LA) . With both mRNAs, phenylalanine is the only amino acid incorporated (Table 2) , thereby indicating that the same reading frame is selected regardless of the presence of the SD sequence; this confirms an earlier report of a kinetic preference to initiate translation at AUG triplets (22) . However, in addition to the AUG triplet, some other unknown feature must be required to select the initiation start. In fact, although a second AUG triplet is present between Pst I-Hpa I restriction sites in the second reading frame of both mRNAs (Fig. 1) , this triplet is not used, even though no secondary structure should prevent translation initiation from this site. Proc. Natl. Acad. Sci. USA 85 (1988) 6431 (5), and it further emphasizes that it is the kinetics of formation and not the equilibrium levels of the 30S and 70S initiation complexes that determine the final level of protein synthesis (5, 19) . From Avogadro's number it can be estimated that within the hemisphere described by the free rotation of an AUG triplet separated by a 7-nucleotide spacer from an SD sequence base-paired to the 30S subunits, the concentration of the initiation triplet is .20 mM. Since the ribosomal peptidyl-tRNA binding site decoding area is presumably included in this volume, the most likely function of the SD sequence is to provide regions ofhigh affinity for the mRNA-30S interaction so that the concentration of potential initiation triplets is drastically increased near the peptidyl-tRNA binding site decoding area. The kinetics of decoding by initiator tRNA, a process that is influenced by the initiation factors (18, 20, 21, 23) 
